Background: This study investigated the effects of metformin and weight loss on biomarkers associated with breast cancer prognosis. Methods: Overweight/obese postmenopausal breast cancer survivors (n ¼ 333) were randomly assigned to metformin vs placebo and to a weight loss intervention vs control (ie, usual care). The 2 Â 2 factorial design allows a single randomized trial to investigate the effect of two factors and interactions between them. Outcomes were changes in fasting insulin, glucose, C-reactive protein (CRP), estradiol, testosterone, and sex-hormone binding globulin (SHBG). The trial was powered for a main effects analysis of metformin vs placebo and weight loss vs control. All tests of statistical significance were two-sided. Results: A total of 313 women (94.0%) completed the six-month trial. High prescription adherence (ie, !80% of pills taken) ranged from 65.9% of participants in the metformin group to 81.3% of those in the placebo group (P < .002). Mean percent weight loss was statistically significantly higher in the weight loss group (-5.5%, 95% confidence interval [CI] ¼ -6.3% to -4.8%) compared with the control group (-2.7%, 95% CI ¼ -3.5% to -1.9%). Statistically significant group differences (ie, percent change in metformin group minus placebo group) were -7.9% (95% CI ¼ -15.0% to -0.8%) for insulin, -10.0% (95% CI ¼ -18.5% to -1.5%) for estradiol, -9.5% (95% CI ¼ -15.2% to -3.8%) for testosterone, and 7.5% (95% CI ¼ 2.4% to 12.6%) for SHBG. Statistically significant group differences (ie, percent change in weight loss group minus placebo group) were -12.5% (95% CI ¼ -19.6% to -5.3%) for insulin and 5.3% (95% CI ¼ 0.2% to 10.4%) for SHBG. Conclusions: As adjuvant therapy, weight loss and metformin were found to be a safe combination strategy that modestly lowered estrogen levels and advantageously affected other biomarkers thought to be on the pathway for reducing breast cancer recurrence and mortality.
insulin concentrations, sex hormones, and inflammation (8) . Diabetes medications modify the diabetes-cancer connection: metformin is generally associated with reduced breast cancer recurrence and mortality, while insulin and insulin secretagogues are associated with increased recurrence and mortality (9) . Considerable evidence supports the therapeutic effects of metformin on the primary prevention and treatment of breast and other cancers (9) (10) (11) (12) (13) (14) . Metformin reduces hepatic glucose production, increases hepatic fatty acid oxidation, reduces inflammation, and improves peripheral insulin sensitivity (15) (16) (17) . These activities reduce circulating glucose and insulin levels, although the exact mechanisms by which metformin achieves these effects are not well understood (18) . Activation of AMPK by metformin also suppresses aromatase (19) , which could reduce the production of estrogen in postmenopausal women (20) .
This paper presents the primary results of the Reach for Health Study, a randomized trial of overweight/obese, postmenopausal breast cancer survivors designed to investigate the impact of metformin and weight loss on biological systems (ie, biomarkers) associated with breast cancer outcomes. This trial used a 2Â2 factorial design to efficiently test two interventions in a single study powered for a main effects analysis of metformin vs placebo and weight loss vs control.
Methods

Study Design
The Reach for Health trial was part of the University of California (UC) San Diego Transdisciplinary Research in Energetics and Cancer Center initiative to examine the role of insulin resistance and inflammation in breast cancer risk (1U54CA155435-01; PI: Patterson) . Overweight/obese postmenopausal breast cancer survivors (n ¼ 333) were randomly assigned in equal numbers to 1) metformin vs placebo and 2) a weight loss intervention vs control (ie, usual care). The National Institutes of Health ClinicalTrials.gov identifier is NCT01302379. Measurements and fasting blood specimens were collected at baseline and the final six-month visit. Details regarding the study design, recruitment strategies, and interventions have been published (21) . The Human Research Protections Program at UC San Diego approved the study, and participants signed informed consent forms. An independent Data Safety and Monitoring Board met annually to review study activities and adverse events.
Participants and Recruitment
Breast cancer survivors were recruited between August 2011 and May 2015 from San Diego and surrounding communities using cancer registry mailings, physician referrals, community outreach, and mass media approaches. Eligible participants were postmenopausal breast cancer survivors with a body mass index (BMI) of 25.0 kg/m 2 or greater with a diagnosis of primary operable stage IA-IIIC breast cancer within the past 10 years. Participants completed chemotherapy and/or radiation therapy prior to enrollment. Women taking adjuvant endocrine or biological therapy for breast cancer continued that therapy throughout the six-month intervention period to prevent changes in endogenous hormones or other biomarker concentrations associated with therapy cessation. Women were excluded if they had diabetes (unless well controlled with diet and lifestyle alone), were using hormone replacement therapy, or had serious medical conditions such as renal insufficiency or congestive heart failure.
Intervention Groups
Metformin vs Placebo Participants were randomly assigned to receive metformin or placebo pills (we received a Food and Drug Administration waiver to provide metformin to these nondiabetic women). Participants and study staff were blinded to medication group assignment. To enhance drug tolerance, participants began taking the pills with dinner at a low dose (one 500 mg metformin pill or placebo). After one week, the dose was increased to two pills at dinner. After one month, the dose was increased to three pills (one pill in the morning and two at dinner, equal to 1500 mg). Adherence was supported by structured telephone interviews at two weeks, one month, and three months. Safety data were collected during these calls by querying participants regarding adverse events in a nonleading manner. Participants returned unused medication at the final clinic visit, and the remaining pills were counted. High adherence was defined as taking 80% or more of the prescribed medication (22) .
Weight Loss Intervention vs Control
Participants were randomly assigned to a telephone-based weight loss intervention or control. The study goal was a mean of 7% weight loss. Trained lifestyle coaches delivered the intervention using strategies outlined by Social Cognitive Theory (23) focused on goal setting and building self-efficacy. The counseling protocol included 12 motivational interviewing calls over the six-month intervention period. Intervention weight loss strategies included encouraging portion control, healthy eating, and counting calories to reduce daily energy intake by 500 to 1000 calories. Participants were given pedometers and encouraged to increase their physical activity levels (primarily through walking) toward a goal of 300 minutes per week of moderateintensity physical activity. We defined high adherence as 5% or greater weight loss, a weight loss considered clinically meaningful by the US Preventive Services Taskforce (24) . Women randomly assigned to the control group were provided with the US Dietary Guidelines for Americans, 2010. Study staff contacted women in the control groups at two weeks, one month, and three months to support pill adherence.
Primary Outcome Measures
We selected biomarkers based on biologic mechanisms known to link adiposity with cancer risk: 1) glucoregulation, 2) chronic systemic inflammation, and 3) endogenous sex hormones (25) (26) (27) (28) (29) (30) (31) (32) (33) . The biomarkers most strongly supported by the literature are fasting insulin, estradiol, and C-reactive protein (CRP), each of which has been associated with an approximately twofold increased risk of incident or recurrent breast cancer (34) (35) (36) (37) . Other outcomes supported by the literature are glucose, testosterone, and sex hormone-binding globulin (SHBG). We focused on bioavailable hormone concentrations because the literature indicates that bioavailable hormone fractions are most strongly associated with breast cancer risk (38) .
Glucose, Insulin, and CRP Assays Fasting plasma glucose concentrations were measured using a glucose oxidase method (YSI Inc., Yellow Springs, OH, US).
Plasma insulin and CRP concentrations were determined using high-sensitivity immunoassays (Meso Scale Discovery (Rockville, MD, US), catalog #K15164C and #K15198D, respectively). Intraplate and interplate coefficients of variance (CV), respectively, were insulin (3.5%, 6.5%), glucose (2.1%, 3.2%), and CRP (8.4%, 18.0%).
Serum Estradiol, Testosterone, and SHBG Serum estradiol, testosterone, and SHBG were measured at the Reproductive Endocrine Research Laboratory at the University of Southern California (Director: Frank Z. Stancyzk) using radioimmunoassay after organic solvent extraction and celite column chromatography to increase assay sensitivity. Assay sensitivities for testosterone and estradiol were 1.5 ng/dL and 2 pg/mL, respectively; values for all participants were above the assay sensitivities. Intra-and interassay CV ranged from 3% to 6% and 9% to 12%, at low and high levels, respectively, in quality control samples. Bioavailable or non-SHBG-bound (free plus albumin-bound) testosterone and estradiol concentrations were calculated using law of mass action equations (39) . Serum SHBG was measured using the Immulite 2000 (Siemens Healthineers, Munich, Germany) analyzer and a two-site chemiluminometric sandwich assay). SHBG assay sensitivity was 0.1 nmol/L, and the intraassay CV was 7.0%.
Other Measurements
Demographic data, smoking status and history, alcohol consumption, and medical comorbidities were obtained via selfreport questionnaires at baseline. Height and weight were measured using standard procedures. Medical charts were abstracted to obtain information regarding the original cancer diagnosis and treatment. Details of measurement procedures have been published (21) .
Statistical Considerations and Analysis
Participants were assigned to the study arms using a random permuted-block design that included strata for stage at diagnosis (stage I vs stages II and III) and BMI (<30.0 kg/m 2 vs !30.0
). Random assignments were performed using the study's relational database. Study personnel were blinded to the medication group assignment (metformin vs placebo). Sample size estimates were based on main effects comparisons of metformin vs placebo and weight loss vs control. Assuming a twosided test with an alpha of .05 and 80 participants per each of the four arms (ie, 320 total), there was 90% power to detect a 
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main effect of 0.37 for a standardized group mean difference in change (ie, effect size) for a composite marker outcome. Biomarker outcomes were log-transformed to better approximate Gaussian residual distributions and presented as geometric means and 95% confidence intervals (CIs). Repeated measures mixed models (40) compared six-month changes in biomarker concentrations between study groups using intention-to-treat methods. The mixed effects paradigm includes all available data in the analysis without directly imputing missing outcome values. Given the multiple correlated biomarker outcomes, we first created a composite outcome defined as the sum of z-scores of the six biomarkers: insulin, glucose, CRP, estradiol, testosterone, and SHBG. Specifically, we calculated a standardized biomarker score by subtracting the baseline sample mean and dividing by the standard deviation for that biomarker. We summed the standardized scores across the biomarkers to create a composite score for each participant. A mixed model was fit with this composite score (at baseline and six months) as the dependent variable, which served as an omnibus test to assess the overall intervention effect on the joint multiple biomarker outcomes. There were statistically significant group*time interactions for the interventions, indicating overall improvements in the set of markers (data not shown).
Given the positive findings from the omnibus test, we proceeded to fit single-marker, repeated-measures mixed effects models to quantify intervention effects on individual biomarkers. Models included subject-specific intercepts, fixed effects for time (baseline, six months), treatment, and treatment Â time interactions. Treatment effects were calculated as the difference (compared with the appropriate control group) in absolute and percent changes in biomarkers from baseline to six months with 95% confidence intervals.
As a sensitivity analysis, we added age, BMI, and cancer stage to the mixed models and re-estimated treatment effects. We tested additive vs synergistic effects of the two treatments by including a three-way interaction term for time*metformin*-weight-loss intervention. Secondary analyses examined the intervention effects across the four individual treatment arms. Exploratory post hoc analyses included stratifying analyses by intervention adherence (<or!80% adherence to metformin/placebo; < or! 5% weight loss). Three-way interaction terms (ie, treatment*time*stratifying variables) tested whether intervention adherence had a statistically significant impact on biomarker changes.
Results
From August 2011 through May 2015, we enrolled 333 women from the San Diego region. As shown in the Consort diagram (Figure 1 ), 2122 women were screened by telephone, 368 attended a screening visit, 333 were randomly assigned, and 313 (94.0%) completed the trial (Figure 1 ).
Random assignment balanced participants' demographic and breast cancer characteristics, and there were no statistically significant differences by group assignment (21) . As shown in Table 2 , percent initial weight loss was statistically significantly higher in the weight loss groups (-5.5%, 95% CI ¼ -6.3% to -4.8%) compared with the control group (-2.7%, 95% CI ¼ -3.5% to -1.9%). Participants prescribed metformin lost statistically significantly more weight (-5.3%, 95% CI ¼ -6.1% to -4.6%) than those prescribed placebo (-2.9%, 95% CI ¼ -3.7% to -2.1%). The proportion of participants with high adherence to pill prescriptions (defined as !80% adherence) was statistically significantly lower in the metformin (65.9%) vs the placebo group (81.3%, P ¼ .002). Pill adherence was approximately 70% in the weight loss and the control groups (P ¼ .10). Table 3 presents changes in breast cancer-related biomarkers from baseline to six months for the main intervention effects. Statistically significant group differences (ie, percent change in metformin group minus placebo group) were -7.9% (95% CI ¼ -15.0% to -0.8%) for insulin, -10.0% (95% CI ¼ -18.5% to -1.5%) for estradiol, -9.5% (95% CI ¼ -15.2% to -3.8%) for testosterone, and 7.5% (95% CI ¼ 2.4% to 12.6%) for SHGB. Statistically significant group differences (ie, % change in weight loss group minus placebo group) were -12.5% (95% CI ¼ -19.6% to -5.3%) for insulin and 5.3% (95% CI ¼ 0.2% to 10.4%) for SHBG, with no changes in estradiol or testosterone. Neither study treatment affected glucose or CRP concentrations. We conducted a sensitivity analyses by adding age, BMI, waist circumference, and cancer stage to the above mixed models and re-estimated treatment effects; biomarker results were essentially unchanged. Figure 2 illustrates the baseline to six-month change in the cancer-related biomarkers by the four study arms. Combination therapy (metformin and weight loss) had statistically significant impacts on insulin, estradiol, testosterone, and SHBG. There was no statistical evidence that metformin and weight loss had synergistic impacts on biomarkers because the three-way interaction terms for time*metformin*weight loss intervention were not statistically significant in the mixed models.
At three months (mid-trial), self-reported symptoms of any kind were 3.0% in the placebo groups and 8.4% in the metformin groups (data not shown). Approximately 80% of these symptoms were gastrointestinal in nature. There were five serious adverse events in five participants: an injury due to a fall, abdominal pain, slurred speech, a transient neurological defect, and a transient ischemic attack. The study physician and the Data Safety and Monitoring Board judged these events as unrelated to the study. These patients completed the study.
Exploratory models stratified by adherence (<or!80% adherence to metformin or placebo; < or !5% weight loss) showed no evidence that degree of adherence to metformin or weight loss statistically significantly modified the changes in biomarkers (three-way interaction P > .05) (Supplementary Table 1 , available online). We had inadequate power to test whether the interventions were more (or less) effective for subgroups, such as receptor status or use of tamoxifen.
Discussion
To our knowledge, this is the first trial to evaluate the combined effects of metformin and weight loss on biomarkers associated with breast cancer recurrence and survival. In this sample of 333 overweight/obese breast cancer survivors, metformin had statistically significant, favorable effects on insulin, estradiol, testosterone, and SHBG concentrations. Weight loss had statistically significant favorable effects on insulin and SHBG concentrations. The combined impacts of the two interventions were additive. Our finding that metformin statistically significantly lowered insulin in nondiabetic postmenopausal women is consistent with a six-month interim analysis of a randomized trial of metformin vs placebo in early-stage breast cancer (n ¼ 492). This study found that metformin use was associated with decreased insulin (consistent with our findings) and deceased glucose and CRP concentrations (not consistent with our findings) (41) . Our results are similar to recent publications showing that among nondiabetic women, metformin resulted in statistically significant reductions in estradiol and testosterone concentrations (20, 42) . However, the Diabetes Prevention Program found that metformin did not alter estradiol or testosterone levels (43) .
Numerous studies have reported that weight loss favorably impacts sex hormones (44) , although few were conducted in breast cancer survivors. Consistent with our results, the Diabetes Prevention Program found that weight loss in prediabetic adults resulted in statistically significant decreases in fasting insulin concentrations and SHBG, but did not alter estradiol or testosterone levels (43, 45) . Our findings were not consistent with a trial of weight loss and physical activity among 439 postmenopausal women that found statistically significant reductions in circulating estradiol, testosterone, and CRP (46, 47) .
However, the greater levels of weight loss achieved in this study may have resulted in larger effects on biomarkers.
The influence of metformin and weight loss on biomarkers has clinical relevance for breast cancer survival. Insulin appears to affect breast carcinogenesis in a variety of ways, including insulin receptor activation, which can accelerate cell growth and division (48) . High circulating concentrations of insulin are associated with recurrence and early death among breast cancer survivors (35) . Insulin also interacts with estrogens by inducing expression of adipose stromal cell aromatase and tumor cell sex steroid hormone receptor expression and suppressing expression of SHBG, which enhances estrogen synthesis and bioactivity with consequent promotion of estrogen-dependent breast cancer (49) . Higher levels of estrogen, and estrogen fractions, are documented risk factors for poor breast cancer survival (50) . Research also suggests that testosterone increases the risk of breast cancer directly (51, 52) or via aromatization to estradiol, which increases cell proliferation and breast cancer risk (53) . Although there is abundant evidence that testosterone influences breast cancer risk independent of estradiol (36, 54, 55) , little is known about the association of testosterone with breast cancer recurrence and survival. In a prospective study of 194 postmenopausal breast cancer survivors, Micheli et al. found that testosterone levels of 0.40 ng/mL or higher were associated with a higher risk of breast cancer events (hazard ratio ¼ 1.8, 95% CI ¼ 1.1 to 3.0) (56); however, testosterone did not predict recurrence in a nested casecontrol cohort of 306 women from the WHEL trial (57) .
In this trial, metformin and weight loss showed modest effects on biomarker concentrations. The literature on the ARTICLE association of biomarkers with breast cancer prognosis is sparse and difficult to interpret. In a study of breast cancer survivors (n ¼ 306), Rock et al. reported that a relatively modest difference in bioavailable estradiol between cases (12.5 pg/mL) and controls (6.1 pg/mL) was associated with a statistically significantly lower risk of breast cancer recurrence (57) . In a prospective study of breast cancer survivors (n ¼ 512), Goodwin et al. found that quartile 1 to 2 differences in insulin as modest as 21.4 to 31.1 pmol/L were associated with statistically significant increases in recurrence and death (35) . More research is needed to quantitatively extrapolate the impact of circulating biomarker concentrations on the risk of breast cancer recurrence and mortality over time.
The major limitations of this trial are that the weight loss achieved was modest and metformin adherence varied by study group. Nonetheless, our adherence analysis did not indicate that poor adherence to metformin or weight loss explains the null finding for glucose and CRP or the null findings for the impact of weight loss on sex hormones. In addition, the sample size was underpowered to support subgroup analyses by tumor receptor status or breast cancer treatment (eg, only a small percentage of women were taking tamoxifen). Finally, this was a relatively homogeneous sample consisting mostly of white, well-educated, postmenopausal women, which limits generalizability of these findings. Strengths of this study include the randomized design with double-blinded pill arms and high completion rate (94%).
The enthusiasm surrounding the potential role of metformin in breast cancer treatment is tempered with concerns about compliance. Approximately 25% of women prescribed antiestrogen therapy to reduce the risk of recurrence after surgery don't start taking the medicine or stop taking it early, largely due to side effects such as hot flashes (58) . Similarly, 20% to 30% of Americans with diabetes discontinue metformin use, generally because of gastrointestinal side effects (59) . However, the difficulty of successful weight loss is also well documented (60, 61) . Taken together, these data suggest that multiple strategies should be initiated and tailored to a woman's preference, initial response, and ability to adhere. This multipronged approach to simultaneously initiate lifestyle and pharmacologic therapy has been endorsed for type 2 diabetes by the American Association of Clinical Endocrinologists and the American College of Endocrinology (62) .
In summary, our findings suggest that as adjuvant therapy, weight loss and metformin are a safe combination strategy that modestly lower estrogen levels and advantageously affect other biomarkers thought to be on the pathway for reducing breast cancer recurrence and mortality. Results are eagerly awaited for phase III randomized trials in breast cancer survivors testing metformin vs placebo (41) and weight loss vs usual care on clinical outcomes (63) .
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